The relationship between the carotenoid zeaxanthin, formed by violaxanthin de-epoxidation, and nonphotochemical fluorescence quenching (qNp) In leaves exposed to light in excess to that which is used in photosynthetic electron transport, the excess of excitation energy can be dissipated through radiationless dissipation in the photochemical system which results in nonphotochemical fluorescence quenching (4, 11, 13, 14, 19 
[1988] Plant Physiol 87: [17] [18] [19] [20] [21] [22] [23] [24] . These findings suggest that the same dissipation process may be induced by very different treatments and that this particular dissipation process can have widely different relaxation kinetics. (c) A rapid induction of strong nonphotochemical fluorescence quenching within about 1 minute was observed exclusively in leaves which already contained a background level of zeaxanthin.
In leaves exposed to light in excess to that which is used in photosynthetic electron transport, the excess of excitation energy can be dissipated through radiationless dissipation in the photochemical system which results in nonphotochemical fluorescence quenching (4, 11, 13, 14, 19) . We have previously reported (6, 7) that one component of nonphotochemical fluorescence quenching which relaxes relatively slowly upon darkening of leaves shows a correlation with the level of the carotenoid zeaxanthin, formed by violaxanthin de-epoxidation in the thylakoid membranes (10, 21) . This type of quenching could be induced either by transfer of leaves to an atmosphere containing no CO2 and only 2% 02 (6) ited, or by a long-term water stress treatment of Nerium oleander in high light (7) .
Recently, however, we have reported (8) that zeaxanthin is correlated with all of the dissipative nonphotochemical quenching in high light in air, i.e. high-energy-state quenching which relaxes rapidly. In the present study we investigate the relationship between zeaxanthin and nonphotochemical fluorescence quenching directly in the light in 2% 02, 0% CG2, and compare the ratio between kD3 and zeaxanthin in the light in this treatment with the ratio determined for the extremely slowly relaxing type of response in water-stressed N. oleander.
Previous findings on the induction and relaxation kinetics for violaxanthin de-epoxidation and zeaxanthin epoxidation (6, 9, 10, 17) versus those for high-energy-state quenching ( 
Experimental Treatment of Leaves
Attached intact leaves were sealed into a ventilated, temperature-controlled gas exchange chamber and were exposed to the desired PFD in a gas stream of either ambient air (21% 02, 0.034% CO2) or a C02-free mixture of 2% 02 and 98% N2. Leaftemperature was kept constant at 25°C, and the water vapor pressure difference between the leaf and the surrounding atmosphere was kept in the range 0.5 to 1 kPa. For continuous recording of Chl a fluorescence a double-sided glass and aluminum chamber (exposed leaf area: 13.5 cm2) was used (20) comes from the PSII centers that are already closed at that level ofphotosynthetically active radiation. A saturation pulse given thereafter removes photochemical quenching related to photosynthetic electron transport and thus allows one to determine the remaining nonphotochemical quenching which lowers PSII fluorescence predominantly by radiationless energy dissipation (but also potentially by other kinds of fluorescence quenching such as, e.g. transfer of excitation energy to PSI). The quenching coefficient qNp is 1 -Fv/Fvcontrol, where Fv is the variable fluorescence in a saturation pulse in the light. We calculated the kD (8) according to the simple model by Kitajima and Butler from kD=(1/FM) -1 (12; cf also 1, 4).
During the water stress treatment of Nerium oleander (7), Fo and FM were determined at the end of the 12 h dark period for up to 14 d following the termination of watering. The leaves had developed and were kept at high PFD (800-1000
,umol m-2 s-') during the 12 h light period throughout the treatment. The variable fluorescence, Fv, at the end of the 12 h dark period during the treatment was compared with the variable fluorescence, Fvcontrol, at the end of the 12 h dark period in a well-watered control leaf (7) . The expression 1 -Fv/Fvcontrol in this experiment corresponds to the quenching coefficient for nonphotochemical fluorescence quenching during PAR illumination, qNP.
Pigments were analyzed quantitatively after separation by TLC (3, 18) . Further procedures and calculations were as described previously (6, 8) .
RESULTS
Relationship between Zeaxanthin Content, qNP, and kD Figure 1A shows Chl a fluorescence recorded continuously in the light during a dark/light transition in a leaf of Glycine max. At various time points during the transient, pulses of saturating light were given to obtain FM, and consequently the degree of nonphotochemical fluorescence quenching. The leaf was kept in 2% 02, 0% CO2 to promote a strong increase in the type of nonphotochemical fluorescence quenching reflecting radiationless dissipation of excitation energy (4) . From the decrease in FM, the rate constant for radiationless dissipation in the antenna Chl, kD, (Fig. 1B) 1, 4) . The time course of the increase in kD and that of the increase in zeaxanthin content were very similar (Fig. 1 B) .
For the same experiment, Fv and Fv/FM ( Fig. 2A) , the quenching coefficient qNP [= 1-(Fv/Fvcontrol)] (Fig. 2B) , and the rate constant for radiationless energy dissipation, kD (Fig. 2C ) are shown as a function of leaf zeaxanthin content. The increase in zeaxanthin was proportional to an increase in qNp up to approximately 0.7. At higher degrees of quenching, qN was no longer linearly related to zeaxanthin. By contrast, the rate constant kD was linearly related to the zeaxanthin content over the entire range of quenching. Figure 3 shows data for Nerium oleander from a previous paper (7) plotted in a manner similar to the data presented in Figure 2 . These N. oleander leaves were subjected to a combination of high light and water stress which had developed (Fig. 4) . The mangrove is another example of a sclerophyllous leaf, and it exhibits similar responses of photochemistry to a combination of high light and very negative leaf water potentials as N. oleander (2) . Figure 4 shows, first, the decrease of FM in the light in leaves subjected to a dark/light transition in 2% 02, 0% CO2. At various time points samples were removed from the leaves and transferred to darkness. In both G. max (Fig. 4A ) and R. mangle (Fig. 4B) in PFD, i.e. at a constant low PFD, by a sudden change of the composition of the gas passed over the leaves from ambient air to 2% 02, 0% C02. Figure 5 shows the induction kinetics of nonphotochemical quenching in leaves of three species that had developed in natural light and contained no zeaxanthin prior to the first exposure to 2% 02, 0% CO2.
After 60 min of recovery at 100 ,umol photons m-2 s-' in air following the first treatment with an excess of light, background levels of zeaxanthin were still present. These levels, which are shown as absolute values on a dry weight basis (Fig.   5, A-C period of 5 min in all three leaves (Fig. 5, A (Fig. 5) . Figure 6 shows a time course of induction and relaxation of fluorescence quenching for a leaf of M. deliciosa subjected to treatments similar to those shown in Figure 5A . Prior to the third treatment, the zeaxanthin level was as high as 0. 4 ,umol g-' DW, which is 80% of the steady state value deter- helix, and (C) P. balsamifera, suddenly exposed to 2% 02, 0% CO2 at a PFD of 60 to 100 ,Amol m-2 s-'. The leaves were sealed into a gas exchange chamber and then exposed to air and PFDs of 10, 20, 30, and 50 smol m-2 s-' for 15, 10, 10, and 5 min, respectively, to avoid any sudden large increases in PFD. Then the PFD was increased to 60 to 100 Umol m-2 s1. The first saturation pulse which is shown was given after 60 min at these PFDs in air. Then the air was replaced (treatment 1) by a gas stream of 2% 02, 0% CO2 for 30 min. After that, air was again passed over the leaves for 60 min and maximum fluorescence was determined again. This was followed by a second treatment (treatment 2) in 2% 02, 0% C02. During the treatments, steady state fluorescence was recorded continuously and pulses of saturating light were given at certain time points. In the insets is shown the zeaxanthin content of leaves determined prior to the first and the second treatment with 2% 02, 0% C02, i.e. at the end of the 60 min recovery period in air. mined for a corresponding leaf after 30 min in 2% 02, 0% CO2 (not shown). In the third treatment FM fell almost instantaneously to less than 50% of the control value. During the 60 min period at low light in air, FM recovered almost com/ pletely whereas the zeaxanthin level did not return to the control level. Thus, under these control conditions there was clearly no correlation between zeaxanthin and fluorescence quenching.
DISCUSSION
Relationship between Zeaxanthin, qNP, and kD
The correlation between zeaxanthin content and nonphotochemical fluorescence quenching in the light during dark/ light transients in 2% 02, 0% CO2 in low light (Fig. 2) was similar to that observed previously (8) for the type of fluorescence quenching which occurs in air in the light-saturated range of photosynthetic CO2 uptake, i.e. the quenching which is related to the high-energy state of the thylakoid membrane (11, 15, 19) . Under the present conditions, all nonphotochemical fluorescence quenching in the light showed a linear relationship with the zeaxanthin content ( Fig. 2) , whereas in air there was an additional type of fluorescence quenching which occurred at light levels below the light-saturation of net CO2 uptake (5, 8) . Similar to this previous study (8) , qNp increased less than the zeaxanthin content at high degrees of quenching, whereas kD was directly proportional to the zeaxanthin content at all times. When we first reported a correlation between zeaxanthin and energy dissipation (6), we used the same conditions as are used here (2% 02, 0% C02) to induce strong energy dissipation. In this previous study, however, both fluorescence and zeaxanthin were determined in samples predarkened for 5 min and there was much less fluorescence quenching for a given zeaxanthin content than in water-stressed Nerium oleander leaves (Fig. 3) . The greater extent of fluorescence quenching in the light for a given zeaxanthin content (Fig. 2) , however, is very similar to that found in N. oleander for which fluorescence and zeaxanthin were determined after 12 h of darkness (Fig. 3) . The similarity of the relationship between zeaxanthin and Fv, Fv/FM, qNP, and kD measured in the light during a dark/light transient (Fig. 2) and for sustained fluorescence quenching in water-stressed N. oleander leaves (Fig. 3) , suggests the same underlying mechanism for radiationless energy dissipation. Since the relaxation of fluorescence quenching was within minutes in the former case (Fig.  2 ) but within days in the latter case (7), one would have to assume that the same process can exhibit very different relaxation kinetics. This is consistent with the observation that the rapidity of the relaxation of nonphotochemical fluorescence quenching decreased with increasing length of exposure (Fig.  4) . Thus, the radiationless dissipation process induced within minutes and relaxing within minutes (Figs. 2 and 4) and that induced over days and relaxing over days (7) may have the same nature. The fact that a very similar relationship between zeaxanthin and kD exists in all of these cases is consistent with the hypothesis that zeaxanthin mediates this radiationless dissipation process. However, one would have to postulate an additional level of control (8) (Figs. 5 and 6 ). This is more rapid than the enzymic conversion of violaxanthin to zeaxanthin (6, 9, 17 The results presented here show that the capacity of leaves for the rapid development of strong nonphotochemical fluorescence quenching is closely related to the status of the photochemical apparatus of PSII prior to the exposure to excess light. There is a relationship between the presence of zeaxanthin in leaves and their capacity for an almost instantaneous increase in the heat dissipation activity under conditions where light becomes excessive in the absence of terminal electron acceptors.
